Proper circuit function in the mammalian nervous system depends on the precise assembly and development of excitatory and inhibitory synaptic connections between neurons. Through a loss-of-function genetic screen in cultured hippocampal neurons, we previously identified the class 4 Semaphorin Sema4D as being required for proper GABAergic synapse development. Here we demonstrate that Sema4D is sufficient to promote GABAergic synapse formation in rodent hippocampus and investigate the kinetics of this activity. We find that Sema4D treatment of rat hippocampal neurons increases the density of GABAergic synapses as detected by immunocytochemistry within 30 min, much more rapidly than has been previously described for a prosynaptogenic molecule, and show that this effect is dependent on the Sema4D receptor PlexinB1 using PlxnB1 Ϫ / Ϫ mice. Live imaging studies reveal that Sema4D elicits a rapid enhancement (within 10 min) in the rate of addition of synaptic proteins. Therefore, we demonstrate that Sema4D, via PlexinB1, acts to initiate synapse formation by recruiting molecules to both the presynaptic and the postsynaptic terminals; these nascent synapses subsequently become fully functional by 2 h after Sema4D treatment. In addition, acute treatment of an organotypic hippocampal slice epilepsy model with Sema4D reveals that Sema4D rapidly and dramatically alters epileptiform activity, which is consistent with a Sema4D-mediated shift in the balance of excitation and inhibition within the circuit. These data demonstrate an ability to quickly assemble GABAergic synapses in response to an appropriate signal and suggest a potential area of exploration for the development of novel antiepileptic drugs.
Introduction
Biochemical and candidate gene approaches over the past four decades have led to the identification of molecules that function to regulate excitatory, glutamatergic synapse formation and synaptic transmission (Li and Sheng, 2003; Kang et al., 2008) . In contrast, far less is known about inhibitory, GABAergic synapse formation and function. Previously, we discovered that knock-down of the transmembrane class 4 Semaphorin Sema4D in the postsynaptic neuron led to a decrease in the density of GABAergic synapses formed onto that neuron, without an effect on glutamatergic synapse density (Paradis et al., 2007) . These experiments identified Sema4D as one of only a few molecules described thus far that preferentially regulate GABAergic synapse formation.
The hallmark of a Semaphorin family member is the extracellular Sema domain, a conserved, cysteine-rich region of ϳ500 amino acids at the N terminus of the protein (Yazdani and Terman, 2006) . Sema4D is a transmembrane protein with a short intracellular domain in addition to its extracellular Sema domain. Our studies are the first to implicate Semaphorin signaling in GABAergic synapse formation, but other studies have implicated other Semaphorin family members in glutamatergic synapse formation or elimination (Sahay et al., 2005; Morita et al., 2006; Paradis et al., 2007; O'Connor et al., 2009; Tran et al., 2009; Ding et al., 2012) . Although it is becoming clear that Semaphorins play a necessary role in synapse development and function, it remains an open question as to which step in the assembly of synapses Semaphorins act.
Recently, time-lapse imaging studies have provided some insight into the cell biology of GABAergic synapse development (Wierenga et al., 2008; Dobie and Craig, 2011) . Live-imaging of GABAergic synapse formation in hippocampal slices revealed that GABAergic synapses form at preexisting axodendritic crossings without the involvement of axonal or dendritic protrusions (Wierenga et al., 2008) . Time-lapse imaging in maturing neuronal cultures of labeled components of GABAergic synapses revealed that synaptic components are transported in mobile packets to synaptic sites along dendrites (Maas et al., 2006; Twel-vetrees et al., 2010; Dobie and Craig, 2011) . However, remarkably little is known about the molecular signals that initiate GABAergic synapse formation.
To gain insight into these unanswered questions, we treated hippocampal neurons with the soluble, extracellular domain of the Sema4D protein and assayed morphological and functional GABAergic synapse formation. We observed a surprisingly rapid and robust increase in functional GABAergic synapse density that was entirely dependent on PlexinB1 receptor expression. In addition, we monitored GABAergic synapse assembly by time-lapse imaging of the fluorescently tagged, GABAergic synapse-specific scaffolding protein Gephyrin in cultured neurons. We report that Sema4D treatment increased the rate of addition of GFPGephyrin along dendrites through a previously underappreciated mechanism: splitting of preexisting Gephyrin puncta. These experiments suggest that Sema4D/PlexinB1 signaling acts in the earliest stages of synapse development. Last, we report that Sema4D treatment of an organotypic hippocampal slice model of epilepsy dramatically suppressed neuronal hyperexcitability through a shift in the excitation-inhibition balance. The ability of Sema4D to suppress network hyperexcitability through increased inhibition suggests its possible use as a novel treatment for epilepsy.
Materials and Methods

Mice PlxnB1
Ϫ / Ϫ mice were generated as described by Friedel et al. (2005) . Mice were cared for in accordance with Brandeis University Institutional Animal Care and Use Committee. Timed pregnancies were set up between PlxnB1 ϩ/ Ϫ males and females in which the day of vaginal plug observation was designated as E0 and hippocampi were dissected at E16. Day of birth was designated as P0. Genotyping of all mice, including all embryos, was performed by PCR.
Culture and organotypic slices
Neurons were dissociated and cultured at low density on an astrocyte feeder layer. Astrocytes were isolated from P0 rat cortex by plating dissociated cells at low density in DMEM ϩ 10% FBS on 10 cm tissue culture dishes. Once confluent, glia were trypsinized and plated on 12-mm glass coverslips in 24-well plates that had been coated overnight at 37°C with poly-D-lysine (20 g/ml) and laminin (3.4 g/ml). Dissociated hippocampal neurons from E18 rats or E16 mice were plated at a density of 80,000/well onto the confluent glia and grown in neurobasal medium (Invitrogen) with NS21 supplementation . E18 rat and E16 mouse hippocampal dissections yield cultures that are neuron rich and contain primarily glutamatergic, pyramidal neurons and GABAergic interneurons. AraC (Sigma-Aldrich) was added to a final concentration of 5 M 4 -24 h after plating, when glia were confluent. For experiments using cultured hippocampal neurons from embryos isolated from PlxnB1 ϩ / Ϫ female mice, littermates were dissociated side by side and plated on 24-well plates on top of a glia feeder layer. After genotyping, neurons that had been isolated from PlxnB1 Ϫ / Ϫ and wildtype pups were used in experiments.
For time-lapse imaging, rat neurons were grown at 400,000 neurons/ 35-mm glass bottom dish (MatTek, catalog #P35G-1.5-14-C) coated with poly-D-lysine (20 g/ml) and laminin (3.4 g/ml). These neurons were grown without a glia feeder layer and therefore were not treated with AraC.
Hippocampal organotypic slices were harvested from P6 rat pups (Hayashi et al., 2009) , cut on a tissue chopper to 380 m thickness, and then placed on cell culture inserts (0.4 m pore size; Millipore) and incubated in slice culture media for 7 DIV at 35°C, 5% CO 2 . Beginning at 2 DIV, slices were treated with TTX (1 M) in slice culture medium or with slice culture medium alone (control 
Sema4D treatments
Neurons were treated for varying amounts of time (see Results) with either Sema4D-Fc or Fc (both R&D Systems) and later assayed for synaptic phenotypes (1 nM treatments) or for growth cone collapse (10 nM). EphrinA1-Fc (43 nM; Richter et al., 2007 ; R&D Systems) was used as a positive control in the growth cone collapse assays. For the Sema4D-AP experiments, an N-terminal translational fusion of Sema4D with alkaline phosphatase (gift from Alain Chedotal; Flanagan and Leder, 1990; Flanagan et al., 2000) or the empty AP5 vector (1 nM) was used. The alkaline phosphatase constructs were transfected by calcium phosphate transfection (Xia et al., 1996) into HEK 293T cells and allowed to be expressed for 3-5 d. The Sema4D-AP and AP only were secreted from the cells and the media was harvested and concentrated with Centricon filters (0.4 m pore size; Millipore) and the concentration was determined via a colorimetric reaction (Flanagan et al., 2000) . For this, concentrated HEK293T media (1%) was added to lysis buffer and 2ϫ SEAP buffer (OD 405 nm) was measured at 0 and 60 s. Concentration was calculated as follows: (OD 60 Ϫ OD 0 )/0.04 ϫ 100(9.3 ϫ 10 Ϫ12 ). AP constructs were then bath applied to neurons for experiments (1 nM Sema4D-AP). Lysis buffer contained 1% Triton X-100, 10 mM Tris-HCl, pH 8, 2ϫ. SEAP buffer contained 2 M diethanolamine, pH 9.8, 1 mM MgCl2, 20 mM L-homoarginine, 40.6 mM p-nitrophenylphosphate, and 10% BSA.
Growth cone collapse assay
Neurons were cultured without an astrocyte feeder layer on 35 mm dishes and transfected with GFP at 1 DIV by calcium phosphate transfection. Neurons were then treated with Sema4D-Fc (10 nM), Fc alone (10 nM), or EphrinA1-Fc (43 nM; R&D Systems; Richter et al., 2007) for 1.5 h at 37°C. EphrinA1-Fc was preclustered with an anti-Fc antibody (␣-IgG-AP, 1:4 IgG:EphrinA1-Fc; Jackson ImmunoResearch Laboratories) for 1 h before treatment of neurons, as is commonly done for this molecule (Richter et al., 2007) . Neurons were imaged on an inverted microscope (IX70; Olympus) with a 60 ϫ oil-immersion objective using Volocity image acquisition software (PerkinElmer). Images were acquired as a z-stack with a 0.5 m step size. Growth cones were considered collapsed if they did not contain filopodial extensions and visible lamellipodia.
Immunostaining
Neurons were fixed and stained for synaptic markers at 11 DIV. Neuronal media was replaced with 1 ϫ PBS and neurons were then fixed with 4% paraformaldehyde/4% sucrose for 8 min at room temperature. Coverslips were then washed 3 times with 1ϫ PBS for 5 min each and incubated overnight at 4°C in a humidified chamber with primary antibody. All antibody dilutions were prepared in 1ϫ GDB buffer (0.1% gelatin, 0.3% Triton X-100, 4.2% 0.4 M phosphate buffer, and 9% 5 M NaCl). After overnight incubation, coverslips were washed 3 times with 1ϫ PBS for 5 min each and then incubated with appropriate Cy3-and Cy5-conjugated secondary antibodies (1:500 each; Jackson ImmunoResearch Laboratories) in 1ϫ GDB for 2 h at room temperature. Coverslips were then washed 3 times with 1ϫ PBS for 10 min each, dipped in dH 2 O, and mounted on glass slides with Aquamount (Lerner Laboratories). The following antibodies were used: ms ␣-Glutamic Acid Decarboxylase 65 (␣-GAD65, 1:1000; Millipore), rb ␣-GABA A receptor subunit ␥2 (GABA A R ␥2, 1:100; Millipore), ms ␣-Gephyrin (1:500; Synaptic Systems), rb ␣-Synapsin I (1:1000; Millipore), ms ␣-GluA2 (1:500; NeuroMab), ms ␣-Microtubule Associated Protein 2 (␣-MAP2, 1:1000; Sigma-Aldrich), ␣-ms 488 (1:1000; Invitrogen), ␣-ms Cy3 (1:500; Jackson Immuno), and ␣-rb Cy5 (1:500; Jackson ImmunoResearch Laboratories).
confocal system with Yokogawa CSU-X1 confocal head mounted on a ZeissAxio-Observer inverted microscope with a 63 ϫ oil objective et al., 2005) . SlideBook acquisition software was used to acquire z-stack images (0.5 m step size). For analysis, time-lapse imaging series were separated into 10 min increments. Images were exported and registered to eliminate any drifting that occurred over time ("StackReg" plugin from ImageJ). Dendrites were then traced and kymographs were made ("MultipleKymograph" plugin from ImageJ) for all dendrites in each condition. Although kymographs were used to analyze the movement of every GFP-Gephyrin puncta in each neuron, any movement observed in the kymograph was subsequently characterized in the raw time-lapse images (Movie 1). Only those movements that were consistent between the kymograph and the image series were analyzed. Using this program, we followed each GFP-Gephyrin puncta across the time-lapse series. GFP-Gephyrin puncta dynamics were broken down into two different categories. In the first, we quantified the instantaneous velocity of each puncta. This is defined as the velocity from one frame to the next. Any change in direction of movement or velocity was recorded. For example, in the right panel of Figure  3B , the moving puncta at 10Ј, the puncta splits from the original puncta by moving to the left (retrograde track 1), pauses, and then continues moving to the left (retrograde track 2). The instantaneous velocity was measured once per continuous movement. In addition, the duration (seconds) and the distance (micrometers) of each continuous movement, defined as the distance and time that the puncta moves without changing direction or velocity, was determined. The average of all puncta in each condition at each time point was calculated. The average total distance each puncta moved during a 10 min time-lapse series was also quantified. In addition to quantifying the movement characteristics of the GFP-Gephyrin puncta, the percentage of stable versus mobile puncta were determined for each neuron. Quantifications are presented in Table 1 .
Electrophysiology
Cultured neurons. Whole-cell voltage-clamp recordings were obtained from primary hippocampal cultured neurons at 11 DIV. Neurons were first treated with Fc control (Fc construct alone) or Sema4D-Fc at 1 nM for 0.5, 1, 2, or 4 h by removing the existing media and replacing with 0.5 ml of fresh media plus Fc alone or Sema4D-Fc. After treatment, glass coverslips were transferred to a recording chamber attached to an Olympus upright microscope with continual perfusion of ACSF (95% O 2 :5% CO 2 ) containing the following (in mM): 125 NaCl, 26 NaHCO 3 , 2.3 KCl, 1.26 KH 2 PO 4 , 2 CaCl 2 , 2 MgSO 4 , 10 glucose, and 1 nM Fc or Sema4D-Fc, pH 7.4, maintained at 32°C. Separate holding reservoirs and tubing were used to avoid any cross-contamination between Fc and Sema4D-Fc treatments perfused with a peristaltic pump. Measures of mIPSCs were done in the presence of 1 M TTX (Abcam), 5 M DL-2-amino-5-phosphonopentanoic acid (APV; Sigma-Aldrich), and 10 M DNQX (Sigma-Aldrich). Patch pipettes (3-5 M⍀) were filled with intracellular solution containing the following (in mM): 120 CsCl, 10 HEPES, 1 EGTA, 0.1 CaCl 2 , 1.5 MgCl 2 , 4 Na 2 ATP, and 0.3 Na 2 GTP, pH 7.3, adjusted with CsOH. A Multiclamp700B amplifier and a Digidata 1440A digitizer controlled by pClamp10 software were used for recordings. R s and R IN were monitored throughout experiments using the Lab Bench function of Clampex 10.2, and changes of Ͼ30% throughout the course of the recording were discarded. To record mIPSCs, the membrane potential was held at Ϫ70 mV and events were filtered at 1 kHz. Data were recorded in 3 epochs at 100 s each for a total duration of 300 s per cell. mIPSCs were then evaluated offline in Clampfit 10.2 (Molecular Devices).
Acute hippocampal slice. Wildtype or PlxnB1 Ϫ/ Ϫ mice (P11-P12) were anesthetized with isoflurane, decapitated, and the brains removed with the head immersed in ice-cold, choline-based cutting solution. The choline cutting solution contained the following (in mM): 25 NaHCO 3 , 1.25 NaH 2 PO 4 ⅐H 2 O, 2.5 KCl, MgCl 2 ⅐6H 2 O, 25 glucose, 0.5 CaCl 2 , 110 C 5 H 14 ClNO, 11.6 ascorbic acid, and 3.1 pyruvic acid. Coronal slices (300 m) were cut from the posterior to anterior hippocampus. Slices were moved to a recovery chamber for 40 min at 36°C. After recovery, slices were moved to room temperature and placed in a separate holding chamber containing either 1 nM Fc or Sema4D-Fc for 1.5 h before recordings. After incubation, acute hippocampal slices were then transferred to the recording chamber at 34°C and perfused with ACSF (see above). Whole-cell recordings were made from visually identified CA1 pyramidal neurons and measures of mIPSCs were performed as described above (cultured neurons).
Organotypic slice cultures. Hippocampal organotypic slice cultures (control or TTX treated) were transferred to the recording chamber and continuously perfused with aerated ACSF containing 1 nM Fc or Sema4D-Fc. Culture slices were incubated at 27°C for 30 min during TTX washout to prevent excitotoxicity and then recovered at 32°C for 1.5 h. Whole-cell patch-clamp recordings were performed in current clamp to measure action potential firing with a set of step pulses from Ϫ50 to ϩ100 pA in 25 pA increments from rest. Voltage monitoring of spontaneous activity was performed on cells with resting membrane potentials Յ Ϫ50 mV for a duration of 100 s. Voltage monitoring allowed confirmation of the presence of spontaneous epileptic activity in TTXtreated slices. sEPSCs and sIPSCs were recorded in the same cells by voltage clamping the membrane potential at the reversal potential of one of the two postsynaptic currents (Ϫ65 to Ϫ55 mV for GABAergic and 5-15 mV for glutamatergic currents) measured independently in each cell by clamping the membrane in 5 mV increments. The intracellular solution for spontaneous events contained the following (in mM): 120 CsMe, 10 KCl, 2 MgSO 4 , 10 HEPES, 0.5 EGTA, 3 ATP, 0.3 GTP, 10 phosphocreatine, and 1 QX-314. Only experiments in which TTX treatment resulted in increased spontaneous activity compared with control were used.
Data analysis and statistics
Imaging/analysis for fixed cell experiments. Image acquisition and quantification were performed in a blinded manner. Twelve-bit images of neurons were acquired on an Olympus Fluoview300 confocal microscope using a 60 ϫ objective. Within each experiment, images were acquired with identical settings for laser power, detector gain, and amplifier offset. Images were acquired as a z-stack (8 -13 optical sections and 0.5 m step size), and maximum intensity projections were created from the stacks (ImageJ).
For synapse density experiments, synapse density was quantified as the overlap of MAP2, the presynaptic antibody, and the postsynaptic antibody using MetaMorph image analysis software. For each experiment, the threshold for the Cy3 and Cy5 channels was determined visually using three images of control neurons. The threshold was chosen such that all punctate structures would be included in the analysis. This threshold was then applied across all images within the experiment. The threshold for MAP2 was determined independently for each image. A binary mask including all pixels above the threshold was created for all channels for each image. Except where indicated (see below), the cell body was then manually deleted from the MAP2 mask. The "logical and" function was used to determine regions of triple colocalization at least one pixel in size. To calculate synapse density, this number was divided by the area of the neuron as measured using the MAP2 mask minus the cell body. Presynaptic puncta density was quantified by determining the density of either GAD65 or Synapsin puncta that overlapped with MAP2. Similarly, postsynaptic puncta density was quantified by calculating the density of GABA A R␥2, Gephyrin, GluA2, or PSD95 puncta overlapping with MAP2. Approximately 10 -30 images from at least two separate coverslips were acquired and analyzed for each condition within an experiment for a total of three experiments.
For experiments analyzing the synapse density on somas of cultured neurons, images were processed similarly to those used in dendrite analysis except, instead of the morphology of the cell being determined by automated detection of MAP2 fluorescence, the soma was defined by an ROI manually drawn around the cell soma. Synapses were counted within this ROI. Here, the "logical and" function was used to determine regions of colocalization of at least one pixel in size between the Cy3 and Cy5 channel (presynaptic and postsynaptic makers). Synapse density was calculated as this number divided by the area of the ROI. GABAergic interneurons were excluded from this analysis.
For experiments measuring GAD65 or GABA A R␥2, the average puncta area and average puncta immunofluorescence intensity were quantified as the overlap between either GAD65 or GABA A R␥2 and MAP2 immunostaining. For each experiment, the thresholds for the Cy3 and Cy5 channels were the same as that used in the synapse density quantification and applied across all images within the experiment. The "logical and" function was used to find areas of colocalization between either all three channels ("synaptic") or between either GAD65 or GABA A R␥2 and MAP2 (all puncta, including extrasynaptic and synaptic). The area (in micrometers) and fluorescence intensity (in arbitrary units) of each GAD65 or GABA A R␥2 puncta was measured using the "reconstruct from above" function in MetaMorph. Similar to the synapse density analyses, 10 -30 images from at least 2 separate coverslips were acquired and analyzed for each condition with an experiment for a total of 2-4 experiments.
Synapse density, puncta area, and puncta intensity values within each experiment were normalized to account for the variation in antibody staining and neuronal density from experiment to experiment before combining data from separate experiments. Within an experiment, the average synapse density value was obtained for the control and experimental conditions. The normalized value of each experiment is the experimental average value divided by the control average value (for details of this conversion, see Paradis et al., 2007) . Statistical analysis was performed comparing each experimental condition to control on the combined raw data from all experiments using SPSS software to run a two-way between-effect ANOVA (factors were transfection group and date of experiment), followed by Tukey's post hoc test for significance. Error bars in the figures denote SEM.
Electrophysiology data analysis. The average spike frequency was measured by counting the number of action potentials fired for a duration of 125 s (if no action potentials were present during the 125 s recording for a given neuron, a zero value was included in the average). The frequency and amplitude of mIPSCs was measured using a template generated in Clampfit 10.2 by selecting 50 random mIPSC events. Only single event mIPSCs with a stable baseline, sharp rise phase, and exponential decay were chosen. Double and multiple peak mIPSCs were excluded. Spontaneous EPSCs and IPSCs were measured using the threshold search function in Clampfit 10.2 measuring the area of all negative or positive going events from baseline with a noise rejection of 2 ms. All data are plotted as mean Ϯ SEM. Significance was determined with SPSS Statistics 19 software with a one-way ANOVA to determine significance between conditions plotted on the x-axis, followed by a Student's t test to determine significance between Fc control and Sema4D treatment for each condition. Cumulative distribution plots were created in Excel software using 100 -500 randomly selected points for each cell, and significance was determined based on a two-sample KolmogorovSmirnov test.
Results
Extracellular domain of Sema4D promotes the rapid formation of GABAergic synapses
To determine whether Sema4D is sufficient to promote GABAergic synapse formation, we treated 11 DIV cultured rat hippocampal neurons with the extracellular domain of mouse Sema4D (amino acids 24 -711) conjugated to the Fc region of mouse IgG 2A or Fc control for 0.5, 1, 2, and 4 h. Neurons were subsequently fixed and immunostained for MAP2 to visualize dendrites and proteins that localize specifically to GABAergic synapses, the presynaptic protein GAD65 and GABA A R␥2. Next, we quantified synapse density in these neurons using confocal microscopy; synapse density was defined as the number of opposing GAD65/GABA A R␥2 puncta divided by the dendritic area. Because our hippocampal cultures were composed of ϳ75% glutamatergic principal cells and ϳ25% GABAergic interneurons (data not shown), the majority of synapses quantified were formed onto the dendrites of principal cells. Using this assay, we found that 0.5 h of Sema4D-Fc treatment led to a 50% increase in GABAergic synapse density that was also observed with 1, 2, and 4 h treatments (Fig. 1A) . Interestingly, Sema4D-Fc treatment increased the density of both presynaptic GAD65 puncta and postsynaptic GABA A R␥2 puncta at all time points (data not shown). We verified the biological activity of the Sema4D-Fc protein by demonstrating that it is capable of collapsing hippocampal growth cones (Fig. 1B) , as reported previously (Swiercz et al., 2002) .
We sought further insight into possible changes to GABAergic synaptic components by quantifying the average size and average intensity (see Materials and Methods) of synaptic GAD65-and GABA A R␥2-immunopositive puncta on the cultured neurons. We found no effect of Sema4D-Fc treatment on these parameters at 0.5, 1, or 4 h of treatment (Fig. 1Aiii-Avi) . Interestingly, there was a significant, yet transient, increase in the synaptic GAD65 puncta area and intensity after 2 h of Sema4D-Fc treatment (Fig.  1Aiii,Av) , with no corresponding change in synaptic GABA A R␥2 puncta area or intensity (Fig. 1Aiv,Avi) . In addition, we quantified the average size and average intensity of total GAD65-and GABA A R␥2-immunopositive puncta (i.e., without demanding colocalization with a synaptic marker; see Materials and Methods) in the cultures. We found no effect of Sema4D-Fc treatment on these parameters at any time point (data not shown), leading us to conclude that the transient increase in GAD65 puncta size and intensity was confined to synaptically localized GAD65. Overall, our results indicate that the primary effect of Sema4D-Fc treatment on our cultures was to promote the formation of new inhibitory synapses, as evidenced by increased synaptic puncta density.
In addition, we detected a similarly rapid increase in GABAergic synapse density in response to Sema4D-Fc treatment by immunostaining with antibodies that recognize an entirely different set of synaptic proteins: Gephyrin, a postsynaptic scaffolding protein localized exclusively to inhibitory synapses (Sassoè-Pognetto et al., 2000; Fritschy et al., 2008) and Synapsin I, a presynaptic-vesicleassociated protein (Cesca et al., 2010) . We found a significant increase in the density of Gephryin/Synapsin-colocalized puncta within 0.5 h of Sema4D-Fctreatmentthatwasalsoobservedat1,2,and4hoftreatment ( Fig. 2A) .
We also investigated whether the rapid action of Sema4D-Fc treatment affects excitatory synapse formation. Hippocampal cultures that had been treated with Sema4D-Fc or Fc control were immunostained with antibodies that specifically recognize a postsynaptic component of glutamatergic synapses, the glutamate receptor GluA2, and the presynaptic protein Synapsin I to quantify glutamatergic synapse density (Fig. 2B) . Interestingly, we observed that Sema4D-Fc treatment caused a small but significant decrease in excitatory synapse density at the 0.5 h time point, while having no effect at subsequent time points (Fig. 2B) . We verified these results by immunostaining with an antibody that specifically recognizes a different postsynaptic component of glutamatergic synapses, the postsynaptic protein PSD95, in combination with anti-Synapsin I. We again found a small but significant decrease in excitatory synapse density at the 0.5 h time point (data not shown). We hypothesize that this transient decrease in excitatory synapse density was the result of the rapid assembly of GABAergic synapses in response to Sema4D-Fc treatment, which temporarily interfered with ongoing assembly of glutamatergic synapses. Overall, and consistent with our loss-of-function studies (Paradis et al., 2007), we conclude that addition of exogenous Sema4D-Fc to cultured hippocampal neurons does not promote glutamatergic synapse formation.
Next, we determined the time course of functional GABAergic synapse formation in response to Sema4D-Fc treatment. We performed whole-cell voltage-clamp recordings to measure the frequency and amplitude of GABA A R-mediated mIPSCs (Fig. 3) . We found a significant increase in the frequency of mIPSCs after both 2 and 4 h of Sema4D-Fc treatment (Fig. 3B, top, C) . This time frame suggests a model in which the arrival of synaptic components (as detected by immunocytochemistry; Fig. 1A , Fig. 2A ) precedes functionality at nascent GABAergic synapses (Fig. 3) . These data indicate that Sema4D signaling rapidly and simultaneously recruits scaffolding molecules, GABA A Rs, and presynaptic active zone components to form fully functional GABAergic synapses within 2 h.
Our analysis of GABAergic synaptic transmission also revealed a transient decrease in average mIPSC amplitude (ϳ35%) at 0.5 h, followed by a transient increase in mIPSC amplitude (ϳ50%) that was only detectable at 2 h of Sema4D-Fc treatment (Fig. 3B, bottom, D) . We hypothesize that the transient decrease in mIPSC amplitude observed at 0.5 h was due to recruitment of GABA A Rs from preexisting synapses to nascent synapses. Subsequently, as the neuron rapidly assembles more GABAergic synapses, a transient overshoot in receptor abundance occurs, as evidenced by the increased mIPSC amplitude observed at 2 h that is absent after4hofSema4D-Fc treatment. Somewhat surprisingly, we did not observe a concomitant change in GABA A R␥2 puncta size or intensity by immunostaining (Fig. 1Aiv ,Avi) at these time points. Because mammalian GABA A Rs are heteropentamers that can be assembled from 18 distinct, homologous subunits (Jacob et al., 2008) , it is possible that changes in GABA A R abundance are not revealed by immunoreactivity against the ␥2 subunit. Interestingly, we did observe an increase in GAD65 puncta immunofluorescence intensity and size after 2 h of treatment (Fig. 1Aiii,Av) . Although changes in miniature event amplitude are generally thought to be due to changes in postsynaptic receptor abundance or function, in theory, changes in presynaptic neurotransmitter release could also modulate miniature event amplitude (Vautrin and Barker, 2003) . In support of this hypothesis, alterations in vesicular GABA content have been implicated in changes in mIPSC amplitude (Lau and Murthy, 2012), although whether the intensity of GAD65 immunostaining is a relevant proxy for vesicular GABA content remains to be determined (Tian et al., 1999; Hartman et al., 2006) .
PlexinB1 is necessary for the effect of Sema4D on GABAergic synaptogenesis in cultured neurons and acute hippocampal slices
We subsequently sought to identify the relevant receptor through which Sema4D signals to regulate GABAergic synapse formation. Sema4D has been shown to bind to multiple receptors through its extracellular domain, including PlexinB family members and CD72 (Tamagnone et al., 1999; Kumanogoh et al., 2000; Kikutani and Kumanogoh, 2003) , with PlexinB1 suggested to be the highest affinity receptor (Tamagnone et al., 1999) . To begin, we investigated whether PlexinB1 was the functional receptor in Sema4D-mediated synaptogenesis by using Sema4D-Fc to promote GABAergic synapse formation either in the presence or absence of PlexinB1 expression. We cultured hippocampal neurons isolated from E16 mouse PlxnB1 Ϫ/ Ϫ or wildtype littermates (Friedel et al., 2005) . Application of Sema4D-Fc at 11 DIV for 2 h significantly increased synapse density onto wildtype neurons, as measured by the overlap of anti-GAD65 and anti-GABA A R␥2 puncta (Fig. 4A,B) and as previously demonstrated in rat neuronal cultures (Fig. 1,  Fig. 2 ). The ability of Sema4D-Fc treatment to drive GABAergic synapse formation was completely abolished in neuronal cultures isolated from the PlxnB1 Ϫ/ Ϫ mice (Fig. 4) . Similar to the time course experiments in rat neurons (Fig. 1) , the density of both presynaptic (GAD65) and postsynaptic (GABA A R␥2) components increased in response to Sema4D-Fc treatment in wildtype neurons, but there was no change in either presynaptic or postsynaptic density in the PlxnB1 Ϫ/ Ϫ neurons (data not shown). Next, we investigated whether Sema4D-Fc treatment could rapidly promote functional GABAergic synapse formation in an acute hippocampal slice preparation and, if so, if this effect was also dependent on PlexinB1. We performed whole-cell voltageclamp recordings to assay mIPSC frequency and amplitude from CA1 pyramidal neurons in acute hippocampal brain slices derived from either P11-P12 wildtype or PlxnB1 Ϫ/ Ϫ mice (Fig. 5) . Upon 2 h of Sema4D-Fc treatment, we observed a significant increase in mIPSC frequency (Fig.  5B,D) with no change in mIPSC amplitude (Fig. 5C ,E) in wildtype hippocampal slices. Consistent with our immunocytochemical analysis in cultured neurons (Fig. 4) , we found that the ability of Sema4D-Fc treatment to promote functional GABAergic synapse formation in acute hippocampal slices was completely dependent on the expression of PlexinB1 (Fig.  5 B, D) . Unexpectedly, we observed that mIPSC amplitude was slightly but significantly decreased in recordings from CA1 neurons in acute slices isolated from PlxnB1 Ϫ/ Ϫ mice treated with Fc control compared with acute slices isolated from wildtype mice treated with Fc control (Fig. 5C,E) . Interestingly, the decreased mIPSC amplitude was rescued by Sema4D-Fc treatment (Fig. 5C,E) , suggesting a Sema4D-dependent effect on mIPSC amplitude that is PlexinB1 independent.
We also examined whether treatment of cultured neurons with an entirely different source of Sema4D protein, the extracellular domain of Sema4D (amino acids 27-490) fused to the alkaline phosphatase enzyme (Sema4D-AP) and secreted from HEK 293T cells, could drive a robust increase in GABAergic synapse density. We found that Sema4D-AP was capable of promoting GABAergic synaptogenesis (Fig. 6, " wildtype" condition), similar to our results with Sema4D-Fc (Fig. 1) . Using this same assay, we sought to determine whether Sema4D treatment increases GABAergic synapse density at discrete locations on the postsynaptic neuron and, if so, if this effect was PlexinB1 dependent. Different classes of interneurons synapse onto pyramidal cells at stereotyped locations: for example, parvalbumin-positive fastspiking interneurons synapse exclusively onto the perisomatic region of pyramidal cells (Kullmann et al., 2005) . Therefore, such a finding would suggest that Sema4D promotes GABAergic synapse formation between particular cell types. We found that Sema4D-AP treatment caused an increase in GABAergic synapse density onto both the soma and dendrites of glutamatergic neurons (Fig. 6, " wildtype" dendritic and somatic). Similarly, we found no change in the rise time of our mIPSC events recorded from either cultured neurons or acute slice after Sema4D-Fc treatment (data not shown), a change that would have suggested a bias in location of synapse formation. Therefore, we conclude that Sema4D is a synaptogenic factor that generally promotes GABAergic synapse formation between a variety of interneuron classes and principal cells. Consistent with this result, when we analyzed GABAergic synapse density onto either the dendritic arbor or the soma of PlxnB1 Ϫ/ Ϫ pyramidal neurons in response to Sema4D-AP treatment, we found that the absence of PlexinB1 abrogated the Sema4D-dependent increase in GABAergic synapse density onto both the dendrites and soma (Fig. 6) . These data strongly suggest that that Sema4D-PlexinB1 signaling gen- erally promotes GABAergic synapse formation regardless of subcellular location.
Time-lapse imaging studies of synapse formation during Sema4D-Fc treatment reveal increased rate of addition of Gephyrin puncta Given the rapid nature of the Sema4D effect on GABAergic synapse formation, we next considered which step(s) in GABAergic synapse formation might be influenced by Sema4D signaling. We began our studies by imaging the dynamics of GFP-tagged Gephyrin protein. We chose Gephyrin based on our observed increase in Gephyrin puncta density in response to Sema4D-Fc treatment ( Fig. 2A) , the critical role of Gephyrin in forming the postsynaptic specialization of GABAergic synapses (Maas et al., 2006; Fritschy et al., 2008; Dobie and Craig, 2011; Kuzirian and Paradis, 2011) , and its previous use in time-lapse imaging experiments (Maas et al., 2006; Dobie and Craig, 2011) . We performed time-lapse imaging of cultured hippocampal neurons at 8 DIV that had been transfected with a GFP-Gephryin construct at 2 DIV (Maas et al., 2006) . We acquired images every 15 s for 10 min before the addition of either Fc control or Sema4D-Fc and every 15 s for 30 min (divided into three sets of 10 min videos for analysis) immediately after Sema4D-Fc or Fc addition.
To follow the behavior of each individual GFP-Gephyrin puncta over time (Fig. 7) , we constructed kymographs of all imaged dendrites. We observed a significant increase in the rate of addition of GFP-Gephyrin puncta after Sema4D-Fc treatment compared with Fc control (Fig. 7A-C) . This increase occurred without a change in the number of GFP-Gephyrin puncta removed over the imaging session in Sema4D-Fc-treated neurons compared with Fc control (Fig. 7D) , indicating that there was a net increase in the number of GFP-Gephyrin puncta as opposed to simply an increase in the turnover rate of GFP-Gephyrin puncta. The vast majority of GFP-Gephyrin puncta additions or removals were the result of either splitting (95 Ϯ 2.9%) or merging (94.6 Ϯ 3.9%) of existing GFP-Gephyrin puncta (Fig.  7 A, B) .
We then sought to determine whether Sema4D-Fc treatment affects other aspects of GFP-Gephyrin dynamics over our 40 min imaging session. To this end, we quantified the percentage of GFPGephyrin puncta that did not move over the imaging period ("% Stable") and found no difference in the percentage of stable puncta between Fc control and Sema4D-Fc-treated neurons. We also determined the instantaneous velocity of GFP-Gephyrin puncta in Fc control versus Sema4D-Fc treatment and did not observe any differences between conditions (Table 1) . Similarly, we quantified total distance and duration of puncta travel from the start to finish of the imaging period, as well as the average distance and duration of each individual puncta movement (Table 1 ) and, again, found no differences. Therefore, the major effect of Sema4D signaling is to drive the addition of new postsynaptic assemblies of scaffolding proteins by splitting preexisting assemblies of these proteins.
Sema4D-Fc treatment suppresses network hyperexcitability in an in vitro model of epilepsy
We hypothesized that because Sema4D rapidly and selectively drives GABAergic synapse formation, perhaps it could functionally restore inhibition in the context of enhanced excitability in a neural network. To explore the functional consequence of Sema4D-mediated synapse formation on network excitation, we used an in vitro model of epileptiform activity (Bausch et al., 2006; . Chronic treatment with TTX to block voltage-gated sodium channels can lead to synaptic homeostasis that subsequently promotes epileptic activity via an increase in network excitation after TTX removal (Turrigiano et al., 1998; Bausch et al., 2006; Kim and Tsien, 2008) . Therefore, hippocampal slices were cultured from P7 rat pups and chronically treated with TTX (1 M) for 6 -7 d, followed by a 30 min TTX withdrawal period at 27°C. We refer to these slices as TTX-EA, for TTXinduced epileptic activity.
Immediately after TTX withdrawal, we observed a significant and sustained (up to 6 h after TTX removal) increase in activity in the form of spontaneous action potential firing that was absent from untreated control slices (Fig. 8 A, B , compare untreated Fc control, TTX-EA-Fc control; note different scale for y-axis untreated vs TTX-EA in Fig. 8B ). This activity was not observed in slices that had been treated with Sema4D-Fc for just 2 h after TTX withdrawal (Fig. 8 A, B , compare TTX-EA-Fc control, TTX-EASema4D). A comparison between Fc control and Sema4D-Fctreated slices revealed a 90% reduction in average spike frequency The average number of GFP-Gephyrin puncta removed normalized to the total number of GFP-Gephyrin puncta per neuron. The average number of GFP-Gephyrin puncta was not different between conditions. Sema4D-Fc: n ϭ 5 neurons, 1025 puncta, average 205 puncta/neuron (Ϯ22.75); Fc control: n ϭ 3 neurons, 446 puncta, average 148.67 puncta/neuron (Ϯ33.9). All data are plotted as mean Ϯ SEM.
Movie 1. Mobile GFP-Gephyrin puncta in living neurons. Time-lapse movie of the same stretch of dendrite shown in Figure 7B immediately after the neuron was treated with Sema4D-Fc (far right, 10 min kymograph). Neuron is expressing GFP-Gephyrin. There are 7 frames/s, images acquired every 15 s, 10 min total, 9.66 m H ϫ 17.7 m W. in both untreated and TTX-EA slices (Fig. 8 A, B) , suggesting that Sema4D drives GABAergic synapse formation independent of the initial level of network activity. To begin to examine the mechanism underlying the reduced hyperexcitability observed in the hippocampal slices after Sema4D-Fc treatment, we measured sIPSCs and sEPSCs in the same cell (Fig. 8C,D) . Due to a high degree of event overlap, individual events were not measured. Rather, the total synaptic charge was calculated for both inhibitory and excitatory events by integrating the total area of the events from baseline over 100 s. We found that Sema4D-Fc treatment led to an increase in total inhibitory synaptic charge in both control and TTX-treated slices (Fig. 8C ). In addition, there was a significant decrease in excitatory synaptic charge observed in the TTX-EA Sema4D-Fc-treated slices compared with TTX-EA-Fc control slices. These results suggest that Sema4D treatment alters the balance between excitation and inhibition (E-I balance) in these slices, resulting in reduced hyperexcitability. However, our experiments do not distinguish between a role for Sema4D in shifting E-I balance by driving increased inhibition, perhaps through the formation of new GABAergic synapses, and some other mechanism, such as elimination of excitatory synapses. Interestingly, the fact that a Sema4D-Fc dependent decrease in excitatory synaptic charge was not observed in the untreated slices (Fig. 8D) suggests that, in the context of ongoing network hyperexcitability, Sema4D treatment triggers additional compensatory network alterations, leading to an overall reduction in network excitability.
Discussion
In this study, we demonstrate that treatment of cultured hippocampal neurons or acute hippocampal slice with the extracellular domain of the protein Sema4D causes a rapid increase (i.e., within 0.5-2 h) in the density of functional GABAergic synapses in a PlexinB1-dependent manner. Time-lapse, live imaging studies of Sema4D-Fc-treated neurons revealed an increased rate of GFP-Gephryin addition via splitting of preexisting GFP-Gephyrin puncta within 10 min of Sema4D-Fc addition. Further, using organotypic hippocampal slice culture as an in vitro model of epileptiform activity, we demonstrated that acute Sema4D-Fc treatment rapidly and dramatically altered the hyperexcitability found in these slices in a manner consistent with a Sema4D-mediated shift in E-I balance. Therefore, we show that Sema4D, acting through the PlexinB1 receptor, initiates GABAergic synaptogenesis by recruiting components of the synapse to both the presynaptic and postsynaptic termini. These newly assembled synapses become competent to release and receive neurotransmitter shortly after recruitment of the synaptic components.
To our knowledge, our study is the first to observe functional, GABAergic synapse formation in real time in response to a synaptogenic signal. Previous studies have observed either glutamatergic or GABAergic synapse formation in situ during development (Li and Sheng, 2003; McAllister, 2007; Kuzirian and Paradis, 2011) or on a much longer time scale in fixed neurons after application of a synaptogenic factor (Sahay et al., 2005; Zhang et al., 2006; Tran et al., 2009; Terauchi et al., 2010) . Therefore, we have made a number of key observations. First, the action of Sema4D is surprisingly rapid. A change in the behavior of synaptic components was apparent within minutes of Sema4D-Fc application (Fig. 7) . This observation suggests that GABAergic synaptic components are poised and ready to respond to reception of a prosynaptogenic signal. Second, the mechanism by which Sema4D-Fc treatment promotes synapse formation appears to be through splitting preexisting synaptic components, a process that was observed previously during live imaging studies of GABAergic synaptic development (Maas et al., 2006; Dobie and Craig, 2011) . This finding indicates that application of exogenous Sema4D accelerates or co-opts ongoing mechanisms of GABAergic synapse development, and further suggests a mechanism by which endogenous Sema4D-PlexinB1 signaling promotes GABAergic synapse formation. Last, our experiments using Sema4D treatment demonstrate that there is a lag between recruitment of GABAergic synaptic components and the synapses becoming fully competent to release and respond to neurotransmitter.
Our studies are consistent with a model in which Sema4D on the postsynaptic principal neuron engages PlexinB1 on the presynaptic inhibitory neuron, generating a transsynaptic signal that regulates GABAergic synapse formation. In support of this model, Sema4D is expressed in the principal cells of the hippocampus during embryonic and postnatal development (Magdaleno et al., 2006; Lein et al., 2007; Henry and Hohmann, 2012 ; Aram J. Raissi and S.P., unpublished observations; Allen Developing Mouse Brain Atlas, http:// developingmouse.brain-map.org/) and is required in these postsynaptic neurons to mediate GABAergic synapse formation (Paradis et al., 2007) . Immunohistochemical analysis of hippocampi isolated from mice in which the Sema4D gene was constitutively deleted (Shi et al., 2000) revealed a modest but significant decrease in the intensity of GABA-synthesizing enzyme GAD67 immunoreactivity in the neuropil (Paradis et al., 2007) . This result is consistent with a deficit in GABAergic synapse development in the absence of Sema4D in vivo (Paradis et al., 2007) . Further experiments will be required to uncover additional deficits in inhibitory synapse formation and/or function in the hippocampi of Sema4D Ϫ/ Ϫ and PlxnB1 Ϫ/ Ϫ mice. In addition to Sema4D, a few other secreted or transmembrane proteins affect GABAergic synapse formation and function, including BDNF/TrkB (Rico et al., 2002; Hong et al., 2008; , Neuroligin-2/␤-Neurexin (Varoqueaux et al., 2004; Chubykin et al., 2007; Gibson et al., 2009 ), FGF7/FGFR2 (Terauchi et al., 2010 , and Neuregulin 1/ErbB4 (Fazzari et al., 2010) . The ligands Neuroligin-2 and Neuregulin 1 both function in the postsynaptic neuron to mediate GABAergic synapse formation via an interaction with their cognate receptors, ␤-Neurexin and ErbB4, respectively, in presynaptic interneurons (Varoqueaux et al., 2004; Gibson et al., 2009; Fazzari et al., 2010; Fu and Huang, 2010) , similar to our working model of Sema4D-PlexinB1 signaling. It will be interesting to determine whether other GABAergic synaptogenic factors, such as FGF7, have a previously unappreciated capacity for driving GABAergic synapse formation on a similarly rapid time scale as Sema4D and, further, if the mechanisms of synapse assembly in response to other signals is the same or different from that of Sema4D.
Another possible model is that Sema4D and PlexinB1 interact in cis in the postsynaptic neuron to promote synapse formation. Interestingly, an increasing number of studies demonstrate cis interactions between cell adhesion ligands and their receptors, including Semaphorin family members (Taniguchi et al., 2007; Haklai-Topper et al., 2010) . However, the only described function of these cis interactions to date is inhibition of their cognate receptor-mediated signaling pathways (Yaron and Sprinzak, 2012) . Our data demonstrate that Sema4D-Fc treatment of cultured neurons caused splitting of GFP-Gephyrin puncta within 10 min of Sema4D-Fc addition, a time course that may be more consistent with a role for PlexinB1 signaling in the postsynaptic neuron. Determination of the location of PlexinB1 expression and the subcellular localization of the PlexinB1 protein in the early postnatal hippocampus will aid in discriminating between these two models.
There is ample evidence to suggest that decreased inhibition in neuronal circuits contributes to many forms of epilepsy Cossart et al., 2001) . For example, mutations in GABA A Rs have been shown to be the cause of a subset of familial epileptic syndromes (McNamara et al., 2006; Fernandez and Garner, 2007) . Moreover, the mechanism of action of many antiseizure medications is to enhance GABA-mediated inhibition (Czapinski et al., 2005) . One conceivable anti-epilepsy treatment would be to restore normal network activity by increasing the number of inhibitory inputs onto principal neurons by stimulating the formation of GABAergic synapses. In support of this idea, a recent study demonstrated that intracerebral infusion of Neuregulin 1 acted as an antiepileptic agent in a mouse kindling model of limbic epilepsy (Tan et al., 2012) . This type of treatment could be particularly useful in the developing nervous system, such as in children with infantile spasms, who have a significant risk of going on to develop epilepsy as adults (Paciorkowski et al., 2011) . Building new GABAergic synapses in the developing brain could halt the progression to runaway excitation and turn the network back to a normal physiological range. We hypothesize that the ability of Sema4D to quickly increase inhibition via addition of new GABAergic synapses could represent just such an approach to the treatment of epilepsy, one that may be able to halt the progression of the disorder as opposed to merely treating the symptoms.
